Abstract: An original optical tweezers using one or two chemically etched fiber nano-tips is developed. We demonstrate optical trapping of 1 micrometer polystyrene spheres at optical powers down to 2 mW. Harmonic trap potentials were found in the case of dual fiber tweezers by analyzing the trapped particle position fluctuations. The trap stiffness was deduced using three different models. Consistent values of up to 1 fN/nm were found. The stiffness linearly decreases with decreasing light intensity and increasing fiber tip-to-tip distance.
Introduction
Optical tweezers are now well-established since the pioneering work of A. Ashkin [1] . This non-contact technique is of large interest in many scientific domains such as biochemistry, physics and medicine. The application of optical near-field tweezers allows to lower the trapping intensities or to trap smaller particles. Cavities of dielectric [2] or photonic waveguides [3] have been used to collect and trap micro-particles. Exploiting the strong optical field gradient of surface plasmon cavities allowed the realization of stable nanoparticle trapping. Different geometries such as strips [4] , dipole antennas [5] , nano-block pairs [6] or double nano-holes [7] were successfully applied.
The use of optical fibers attracts increasing attention as highly flexible tools for particle trapping. Fiber-based optical tweezers do not require substrates or bulky high numerical aperture objectives. They provide easy access to the trapped particle, which is useful for the implementation of further manipulation or characterization elements. Examples of tweezers with two facing optical fibers includes micro-fluidic actuators using two cleaved fibers [8] , tweezers based on fiber tips grown by photo-polymerization [9] or using tapered lensed fiber tips [10] .
Single fiber tip tweezers were realized with a micro-lensed cleaved fibers [11] , a multicore lensed fiber [12] , single-or multi-mode chemically etched fiber tip [13, 14] or by gradient index chemically etched fiber tips creating 3D bottle beams [15] .
The measurement of the optical forces acting on the trapped particles is of paramount interest. It allows to determine the trapping efficiency. Moreover, due to the very weak optical forces, it can be used for high sensitivity force or displacement sensing [16] . Different theoretical approaches allow to determine the optical forces of an optical tweezers from the trapped particle position fluctuations. In [17], K. Berg-Sørensen and H. Flyvberg present an overview of these models. High frequency quadrant positions sensors are currently used for particle position recording. It was, however, shown that CMOS camera videos with frame rates of some hundred Hz are sufficient for the accurate force measurements [18] .
In the present paper, we report on optical trapping of micrometer size dielectric particles using one or two bare optical fiber nano-tips. These chemically etched fiber tips with nanometer size apex were already used for high resolution optical scanning microscopy [19] . The trapping efficiency at different light powers and fiber distances is evaluated by analyzing the experimental data within three different models that find very consistent results. 
Experimental
Optical fiber tips are elaborated by chemical etching in aqueous hydrofluoric acid of standard pure silica core single mode optical fibers (S630-HP, Nufern) [20] . The obtained fiber tips are reproducible with smooth surfaces, full angle of about 15 • , and apex diameters of 60 nm [ Fig.  1 ].
The scheme of the optical tweezers set-up is shown on Fig. 2 . A 808 nm single mode pigtailed laser diode with a maximum output power of 250 mW (LU0808M250, Lumics) is linearly polarized and split by a polarized beam splitter. The relative intensity in the 2 arms is controlled by an half-wave plate. In each arm, the beam is split again with a 90/10 beam splitter. 90% of the light is coupled into the optical fiber tips whereas the other 10% go directly in a photodiode to give the laser reference signal. The reflected intensity is measured by an amplified Si-photodiode (New Focus 2001) placed after the beam splitter. This "back signal" is a superposition of the transmitted light from the second, opposing fiber tip and the reflection from the tip and, if applicable, the trapped particle.
Fiber tips are mounted on two sets of xyz translation stages : piezoelectric translation stages (PI P620) with sub-nanometer resolution and 50 µm range, and inertial piezoelectric translation stages (Mechonics MS 30) with ≈ 30 nm step size and up to 2.5 cm range. Transverse transmission intensity maps are recorded by scanning one fiber tip in a plane perpendicular to the tip axes. The entire set-up is controlled by homemade software in the LabView environment.
A homemade microscope with a ×50 objective (Mitutoyo) coupled to a CMOS camera (Thorlabs) is used for visualizing the trapped particles. The objective long working distance (13.9 mm) allows easy particle observation. The main drawbacks are, however, its low resolu- tion of about 0.5 µm and its small focus depth of 1.1 µm. The camera allows a full frame size of 1280 × 1024 pixels with 58 nm/pixel resolution and frame rates of 11 fps. The frame rate can be boosted to 115 fps by reducing the frame size to 130 × 90 pixels. For higher frame rates the limited CMOS sensitivity results in low contrast images.
The fluid chamber consists of an o-ring placed in between two glass slides and cut in two parts in order to insert the fiber tips. The system is sealed using vacuum grease allowing to work several hours in a stable system, without evaporation. The chamber is fixed on a set of translation and rotation stages to allow easy alignment in respect to the fiber tips. Commercial 1 µm polystyrene spheres (Corpuscular) are used for trapping in aqueous suspension with 0.125 mg/mL concentration.
Light power at the end of the fiber tips is measured by means of a power meter. Transmission measurements between two identical fiber tips indicate that the fiber-to-fiber transmission is about 3 times more efficient in water than in air. Thus, for the trapping measurements a correction factor of 1.73 is applied to the measured intensity. All values given in this paper are measured and corrected intensities at the end of one single fiber tip.
An automatic particle tracking software is developed in the open source Scilab environment in order to exploit trapping videos with more than 3 × 10 5 frames. The program detects the center of the particle surface in each frame. The estimated resolution of 50 nm is of the order of the pixel size, but below the microscope resolution.
Results and discussion

Optical fiber tip emission properties
The light emission properties of the fiber tips are studied by transverse transmission maps. In the measurement, the laser beam is injected in one fiber and the transmitted light is collected by scanning the second, identical fiber tip in the transverse plane. The obtained transmission maps show circular Gaussian-shaped intensity spots [insert Fig. 3(a) ].
To obtain the emission spot width of a single fiber tip, the recorded transmission maps have to be corrected by the capture function of the second fiber tip. For two identical fiber tips with Gaussian emission profiles the corrected waist w is calculated by w = (w 2 − 1 2 w 2 0 ) 1/2 withw the as-measured waist and w 0 the measured waist at smallest tip-to-tip distances [21] .
Measurements are performed for tip-to-tip distances between 1 and 25 µm in air and in water [ Fig. 3 ]. At smallest distances, the minimal measured waists are ∼900 nm in both media. As shown previously, sub-wavelength spot sizes can only be obtained with metalized fiber tips [21] . The actual beam size is, however, of the same order that the trapped particles. The waist increases linearly with tip-to-tip distance. In air, the full angle beam divergence is 30 • , corresponding to a numerical aperture of 0.25. This result is confirmed by far-field angular measurements using an optical goniometer. Due to the higher refractive index the beam is much less divergent in water. In this case, the emission angle is ∼ 8 • with N.A. = 0.07.
The transmission intensity is decreasing with fiber tip-to-tip distance with a linear behavior in the I −1/2 plot. As already stated, the intensity is about three times higher in water than in air.
Single fiber tip tweezers
Transient trapping for few minutes of 1 µm spheres is obtained with one single fiber tip. In this configuration the attractive optical gradient force (F grad ) attracts the particle towards the optical axes at the end of the fiber tip [ Fig. 4 and Media1]. Because of the Brownian motion the particle can temporarily leave this stable trapping position and be ejected by the repulsive optical scattering force (F scat ).
The observation of the particle speed during ejection allows to deduce the optical forces using Newton's second law :
with m and v the particle mass and speed. The Stokes force is defined by F stokes = −γ 0 v, with γ 0 = 6πaη the friction coefficient, a the sphere radius, and η the dynamic viscosity of water.
F opt = F grad + F scat is the total optical force. In the case of particle ejection we suppose that F grad ≪ F scat . The scattering force is scaling with the light intensity which itself is decreasing by 1/x 2 with tip-to-tip distance [ Fig. 3(b) ]. Now, Eq. 1 becomes mẍ + γ 0v − F 0 /x 2 = 0 with F 0 the maximal optical force, which is the only free parameter. This equation can be solved by numerical differential equation solvers.
Particle ejection events are observed for different light intensities. The particle position and speed as a function of time are obtained from the recorded videos using our tracking software [ Fig. 5(a) ]. The particles are first accelerated by the strong optical forces, before being slowed down by the Stokes drag. Finally, particles comes to a standstill as the optical force becomes negligible.
F 0 is determinate by adjusting the calculated velocity curve to the experimental data. The experimentally observed particle acceleration is slower than predicted by our model. This is mainly due to the neglect of the gradient force near the fiber tip. The accordance with theory is good during the particle deceleration phase. The deduced optical forces are in the 0.4 -0.7 pN range. They are linearly scaling with the light intensity [ Fig. 5(b) ].
Using one fiber tip, spheres can only be trapped very close to the tip apex where the gradient force dominates the repulsive scattering force. Thus the particle can stick to the fiber due to strong Van der Waals forces. In the present case particles leave the fiber tip shortly after the laser is switched off.
Dual fiber nano-tips tweezers
1 µm spheres are also stably trapped between two fiber tips. In the dual-beam configuration when the fibers are well aligned coaxially, the particle is confined on the common optical axis by the transverse gradient forces and stabilized at a point on the optical axis where the two repulsive scattering forces are canceled.
Experimentally, fiber tips are aligned by scanning one fiber relative to the second one as previously discussed. Then they are placed at the maximum transmission intensity position. Stable trapping for several hours is observed for one sphere with light power of 3.5 -10 mW and fiber tip-to-tip distances of 6 to 17 µm [ Fig. 6(a) ].
The sphere position along the optical axis can be controlled by varying the relative optical intensity injected into both fibers. By increasing the intensity in the left hand side fiber, the trapped particle moves to the right [Figs. 6(c) and 6(d)]. We were also able to trap 2 and 3 spheres at the same time during few minutes [see Fig. 6(b) and Media2].
Besides the observation by the microscope, the back signal reflected by the fibers tips gives valuable information about the trapping events [ Fig. 7 ]. Particle trapping results in significant intensity modulations. This effect is even more pronounced for trapping of multiple particles.
The relation between the back signal and particle trapping can be investigated with a particle In the case of stable trapping strong oscillations with main frequency peaks at 10 Hz are observed. When the particle starts oscillating a second strong peak at 25 Hz appears. The comparison between the particle position obtained from the video and the back signal, shows clear dips of the back signal when the particle changes its metastable position. The observed influence of particle trapping on the back signal is very useful for future nanoparticle trapping experiments. The back signal can thus replace the direct optical visualization which is impossible for nanoparticles.
Theoretical description of trapping efficiency
There are three main models to deduce the trapping efficiency from trapped particle position fluctuations. They are related to different fluctuation properties: the analysis of position oscillation power spectra, the position autocorrelation, and the position statistics. For sake of clarity, the models will be described for a motion along only one dimension (x). Their generalization to two or three dimensions is straightforward.
The motion of a sphere in a harmonic trapping potential can be described by [17] :
with x(t) the trajectory of the Brownian particle, m its mass, a its radius, γ 0 = 6πηa the friction coefficient deduced from Stokes's law, −κx(t) the harmonic force from the trap and (2k B T γ 0 ) 1/2 ξ (t) the Brownian force at temperature T. The characteristic time for loss of kinetic energy through friction (m/γ 0 ≈ 6 × 10 −8 s) is much shorter that our experimental time resolution at 100 Hz sampling rate. Consequently we can neglect the first term in Eq. 2. Performing a Fourier transform, the position power spectrum can then be approximated by the Lorentzian:
with f c = κ/2πγ 0 the corner frequency and f k the oscillation frequency from the Fourier transform. The power spectra shows two distinct regimes [ Fig. 8(a) ]. For frequencies below the corner frequency ( f k ≪ f c ) the power spectra is constant (P ⇓ = 8π 2 k B T γ 0 /κ 2 ) and directly dependent on the trapping stiffness κ. At high frequencies ( f k ≫ f c ) the Brownian motion is dominant and the power spectrum is independent from κ (P ⇑ = 2k B T /γ 0 f 2 k ). These two regimes are also visible in the autocorrelation function. In fact the residual Brownian motion x 2 of the particle is given by the equipartition of energy [17, 18]:
Since the oscillator is significantly over damped, the autocorrelation of the particle position is described by a single exponential decay of time constant τ 0 = 1/2π f c [ Fig. 8(b) ].
Finally, the probability density P of finding the particle in the potential well U at a certain position x can be described using Boltzmann statistics [22] :
with Z the partition function. For harmonic trapping potentials the trap stiffness can be directly obtained by fitting the probability density to the Gaussian function P(r) = exp(−κx 2 /2k B T ) [Fig. 9 ]. This last model is the most versatile, as it is not restricted to harmonic potentials. Moreover it gives direct access to the trapping potential. This point is of great interest for traps with multiple (meta-)stable trapping positions.
The first two models are based on a frequency analysis of the particle position fluctuations. Valuable results require position detection at frequencies above the corner frequency f c of the trapped particle. In the present case f c is below 10 Hz. The CMOS camera readout frequency of ≈ 100 fps is thus sufficient. For higher trap stiffnesses this condition can, however, be a serious limitation.
Experimental trapping efficiencies
The experimental particle position fluctuations are obtained using our tracking program. Videos of typical length of 5 minutes and over 3 × 10 5 frames ensure good statistics [insert Fig. 8(a) ]. The position for the transverse and longitudinal positions are determined separately, thus allowing to calculate the corresponding forces independently.
Two series of trapping experiments are conducted in one go using a pair of identical fiber tips. The first series is recorded at a fixed fiber distance of 11.5 µm and light powers between 2.6 and 9.0 mW. The seconds series is recorded at fixed power of 6.2 mW and fiber tip-to-tip distances of 6 to 28 µm. Their transverse probability density functions are displayed on Figs. 9(a)-9(b). The experimental curves fits very well to the Gaussian function.
Depending on light intensity and tip-to-tip distance, the calculated trap stiffnesses κ t are of the order 0.1 to 1 fN/nm and 0.05 to 0.2 fN/nm for the transverse and longitudinal direction, respectively [ Fig. 10 ]. The trapping forces increase linearly with increasing light intensity and decreasing tip-to-tip distance. The important difference between the longitudinal and transversal trapping forces is due to the non-conformity of the optical trap. The scattering forces from the two counter-propagating beams push the particle in two opposite directions whereas the gradient forces pull it into the same direction. Consequently the sphere is strongly stabilized in the transverse direction.
A control video of a particle fixed on a substrate is recorded to evaluate the noise of the experimental set. The obtained probability distribution is of Gaussian shape with a width of The potential wells calculated from the position distributions are shown on Fig. 9 . With the exception of the low intensity case, the potentials are of clear parabolic shape. This point justifies the subsequent application of the power spectra and autocorrelation models for the determination of the trapping forces. The results of these models will be presented only for the series with a fixed tip-to-tip distance.
The autocorrelation functions of the transverse position fluctuations are shown on Fig. 8(b) . The corner frequencies f c are obtained by fitting to single exponential decay curves. The autocorrelation function decreases faster for stronger trapping with, for example, f c = 7.07 and 1.53 Hz for light intensities of 9.0 and 2.6 mW respectively. The corresponding trapping stiffnesses are calculated using γ 0 = 9.44 × 10 −9 Ns/m for 1 µm particles in water at room temperature [ Fig. 10] .
Finally, the transverse spectral densities are plotted on Fig. 8(a) . The agreement with the best numerical fit to Eq. 2 is very good in the low frequency regime. A slight shift is, however, observed for frequencies above the corner frequency. As stated before, our model comprises any free fitting parameter in this frequency regime. We suggest that the observed discrepancy is caused by the limited performances of our CMOS camera at these frequencies. The κ values obtained by the low frequency fits are includes in Fig. 10(a) .
The agreement of the values deduced by the three presented models is very good for the weaker longitudinal trapping direction. The agreement remains satisfactory in the transverse direction. In this case the correction made for Boltzmann model becomes, however, significant.
Conclusions
Optical fiber tips with nanometer size apex are used for trapping experiments in single fiber and dual fiber optical tweezers. In the single fiber tip geometry, 1 µm size dielectric particles in water are trapped for some seconds before being ejected by the scattering forces of about 0.4 -0.7 fN. Stable trapping of the same particles is observed in the dual fiber tip tweezers for light intensities down to 2.6 mW. Trap stiffnesses of up to 1 fN/nm are deduced from particle position fluctuation traces using three different theoretical approaches. The results of the three models are in very good agreement. The Boltzmann statistics model is, however, found to be the most appropriate as it allows to deal with non-harmonic traps and to include corrections for experimental set-up noise. The trap stiffness is about 2.5 times higher in the transverse direction than in the longitudinal direction. It is linearly increasing with light intensities and decreasing with tip-to-tip distance.
The presented results are promising for future nanoparticle trapping experiments. In this respect, preliminary trapping of single fluorescent YAG particles [23, 24] of deep sub-micron size with our dual nano-tip tweezers confirms the potential of this trapping scheme.
